A new multiscale numerical method is developed to simulate the fluid-solid interaction. The solid motion is described by coarse grained particles which are generated by consolidation of harmonically interacting atoms, and the fluid motion is by the lattice Boltzmann method. Since the characteristic time of the fluid motion is much longer than that of the coarse grained particles, the momentum change due to the rapid collision of the coarse grained particles at the interface is accumulated over a certain time duration and then passed the fluid motion. The method is applied to an elastic rod fixed on the wall in the two dimensional Poiseuille flow. The oscillation and stress within the rod as well as the velocity and vorticity of the fluid are examined with respect to the vortex shedding at the top of the rod. Also the method is applied to the problem of fluid transfer by multiple elastic rods. It is found that the results are quite reasonable and that the present method is effective in dealing with the fluid-solid interactions.
Introduction
Problem of interaction between fluid and solid structure composed of soft and/or hard materials has been attracting a great deal of attention in many areas of engineering and bio/ chemical sciences. MEMS and NEMS (Micro (or Nano)-Electro Mechanical System) 1) such as micro or nano scale fluid pump or flow meter are rapidly growing areas in micro scale engineering. Since characteristic spatial and time scales in these devices are very small, the surface phenomena including chemical reaction, thermal noise, and even the molecular structure of the solid and fluid become important factors in designing and fabricating those devices. In some devices the mass transfer by fluid is quite common and key process. Therefore it is very important to analyze the interaction between fluid and solid, but the conventional continuum approaches using macroscopic parameters such as elasticity, heat conductivity, and so on, become sometimes insufficient to accurately describe the behavior of solid (and even fluid) and the interaction between the two phases. For example, a single wall carbon nano tube (SWCNT) has a diameter 20 to 50 [nm] and about 100 times the diameter in length, and anisotropy in various material characteristics is expected. Also SWCNT is so easily bent that it can be used to make a nano scale flow meter, but neither precise response to the external forces nor the macroscopic elastic constants are known. This motivates us to numerically simulate the interaction from the microscopic view point, although there is a huge gap in scales between fluid motion and atoms in the solid.
The aim of present study is to develop a multiscale numerical method which can bridge over the huge gap in scales of the above problems and to explore its computational feasibility by applying to a few test problems. Our strategy is first to develop a fast efficient method to extract a coarse grained equation of motion of atoms up to a length scale at which matching to the fluid motion is reasonably possible. This is achieved by the recursive coarse grained particle method, which is described in Sec. 2. The second step is to describe the fluid motion. There are two ways, one is to use the conventional Navier Stokes equation for the viscous fluid and the other is to use the lattice Boltzmann method which is very simple and has advantage in parallel computation and described in Secs. 3 and 4. The third step is to develop a method which connects both dynamics at the interface and must include a process to mediate the gap in time scales between two dynamics. This is explained in Sec. 5. The numerical computation is made for the rod(s) composed of the coarse grained particles which is fixed in the 2-dimensional Poiseuille flow. Although the results are qualitative rather than quantitative and limited to 2-dimensions, they are satisfactory enough to encourage us to proceed further development of the method in 3-dimensions where more quantitative assessment is possible.
Coarse Grained Particle Method
In molecular dynamics (MD), degrees of freedom under the consideration are those of particles representing atoms or molecules with prescribed characteristics which are derived by the quantum mechanical computation or modeled by phenomenological potential with a few number of parameters. In order to connect the motion of atoms to that of fluid we introduce the coarse grained particle method (CGP method) for solid which has been invented by Rudd and Broughton 2, 3) and developed also by Ogata et al. 4, 5) Key idea is a consolidation of the harmonically interacting atoms under the thermal equilibrium. Here we briefly sketch the method, and its details and numerical performance can be seen in Ogata et al. [4] [5] [6] [7] In the CGP method for the solid material, the Hamiltonian of atoms under the phonon approximation is written as
where m , u , and p are mass, displacement vector, and momentum of the atom , respectively, and C is the elastic matrix between the atoms and . Reduction of the degrees of freedom of atoms is achieved through the ensemble average over the thermal equilibrium
under the constraint
where H CG is the Hamiltonian of coarse grained particle (CGP) system, N CG the number of CGPs, ðxÞ the delta function, Z the partition function, k B the Boltzmann constant, and T is the temperature. The weight function 0 i; which relates U i to u corresponds to the inverse of the shape function in the finite element method, and can easily be constructed in terms of the shape function. H CG can be computed analytically as
where
is the stiffness matrix for the CGP system, and M ij ¼ P ; ð0 i; m À1 0 j; t Þ À1 is the mass matrix and m ¼ m . It should be noted that the renormalized matrices M and K do not depend on the temperature because of the phonon approximation.
The CGP method described above needs to compute C
À1
, which requires OðN 3 Þ operations. Therefore, a straightforward application of the CGP method to a system of the large number of atoms at one time requires large computational resources. One way to reduce the computational work is to apply the CGP method to a system with a relatively small number of atoms and to enlarge the resulting object by expanding periodically, and to recursively apply the CGP method to thus generated system until the system size becomes a desired large scale. A measure of the coarse graining in space is then given by the ratio Ã ¼ Áx CG =Áx MD , where Áx CG and Áx MD are the grid distances of the CGPs and atoms, respectively. This scheme is in essence very similar to the idea of the renormalization group and called recursive CGP method (RCGP method). 6) Characteristics of the CGP method are (1) The CGP method introduces a weight function under the phonon approximation, therefore the accuracy is controllable and error is expected to be small. (2) Degree of coarse graining can be tuned at any order.
When it is small, the CGP reduces to the original atom, thus the CGP method is transparent and suitable to develop a hybrid approach bridging over the different scales of motion. (3) Recursive use of the CGP method (RCGP method) makes it possible to connect the dynamics of atoms to that of the fluid motion with reasonable computational cost. As a preliminary test of the RCGP method, we have computed a motion of a 2-dimensional rod fixed on a rigid wall as shown in Fig. 1 . The rod is composed of 500 (N x ¼ 10, N y ¼ 50) CGPs, each of which is a consolidation of the argon atoms with the coarse graining ratio Ã ¼ 1024. All the quantities in the CGP computation are expressed in the Hartree atomic unit, in which the fundamental quantities m AU ; l AU ; t AU ; u AU are
respectively. Initially, momentum P x ¼ 10 5 is applied to the CGPs at positions higher than the 8th layer from the bottom. The equations of motion of the CGPs are integrated by using the velocity Verlet method. Figure 2 shows that the kinetic and potential energy of the CGPs are oscillating and interchanging alternatively while the total energy is conserved. The period of main oscillation is about 90 [ns] . Figure 3 shows deformation and stress distribution within the rod. The diagonal elements of the stress tensor ' xx and ' yy represent local stretch or compression, while off diagonal components are the shear stresses. It is seen that stretch and compression in y-direction are strongest near the surface in the lower half of the rod. The results are qualitatively reasonable. A more quantitative comparison of the CGP method in 3-dimensions was made Ny Nx Px Fig. 1 An elastic rod of the CGPs is fixed on the wall and initially the momentum P x ¼ 10 5 is given to all the CGPs at position higher than 8th layer. for the elastic constants. Using the Lennard-Jones potential, we computed the elastic constants C 11 , C 44 , and C 12 with the coarse grained ratio Ã ¼ 1024. When compared with those computed in terms of the MD computation, the relative error of those constants were found to be within 5, 20 and 10%, respectively, in both 2 and 3 dimensions.
Lattice Boltzmann Method
Motion of an incompressible fluid is assumed to be described by the lattice Boltzmann method (LBM), which has recently been developed and found to be very effective for computation of the various complex fluid motion. Advantage of the LBM over the conventional fluid mechanics is that (1) the computational algorithm is so simple that actual implementation on the computer is easy, (2) all of the operation is local in physical space so that parallelization of computation is very efficient. 8, 9) In the LBM, the degrees of freedom of the fluid are represented by ensemble of fluid particles which are assumed to exist only on grid points and allowed to move along the lines with small number of discrete directions ¼ 0; 1; Á Á Á ; N and travel to the next grid point in a unit time Át LB with prescribed velocity c (see Fig. 4 ). 8, 9) In what follows the length and velocity are nondimensionalized in terms of the grid spacing Áx x LB and the velocityc c, so that c cÁt t LB ¼ Áx x LB .
Let f ðx; tÞ be a distribution function for fluid particles traveling in the -th direction. Then the density and momentum are given by The distribution function with q directions in d spatial dimensions is referred to as dDqV model. In this study we chose 2D9V model. The evolution of the distribution function is given by
where the left hand side describes the translation and is the collision operator and the so-called BGK (Bhatnagar-GrossKrook 10) ) approximation from the Boltzmann kinetics is introduced in the second line. 0 is a relaxation parameter and f eq is the local thermal equilibrium distribution function given by
for 2D9V model which is obtained by expanding the Maxwell Boltzmann distribution function up to the second order in the fluid velocity. The relaxation parameter 0 is related to the kinetic viscosity of the fluid as
The equation of motion of the fluid, i.e. the Navier-Stokes equation, can be derived by using the Chapman Enskog expansion, and the reader may consult the references for the detail. 8, 9) It is well known that the spatial accuracy of the LBM is the second order in the grid size.
Immersed Boundary Method
The macroscopic boundary condition for the fluid phase is assumed to be vðx B ; tÞ ¼ U B on the boundary where U B is the velocity vector of the boundary, and is mesoscopically implemented by imposing the conditions on the distribution function as
where is an index satisfying c ¼ Àc and E is given by (10) and c s is the sound velocity c 2 s ¼ c 2 =3 for 2D9V model. When U B ¼ 0, the above equation means the bounce back of fluid particle on the rest wall.
When boundary shape of a body is of complex geometry and changes in time, implementation of the above boundary condition and momentum exchange are made in terms of the immersed boundary method (IBM) in this study. [11] [12] [13] In the IBM, the solid body is regarded as an object which has a distributed force density on its surface so as to match the boundary condition at the body surface. Suppose that the solid surface is described by points which are smoothly connected each other. Let X l be a position of the surface point which is not necessarily on the fluid grid point (see Fig. 5 ). Then f ðX l ; tÞ is computed from f at the fluid grid points by using the Lagrangian interpolation
where É is the Lagrangian interpolation function and r ij is the position vector of the fluid grid point near X l .
Assuming that the fluid particles undergo the elastic collision at the solid surface and the density of the body is much larger than that of the fluid particles, we apply the boundary condition (12) at X l . The change of the distribution function at X l at t þ Át LB is given by
Then the momentum change that fluid receives is
where Ás l is the surface element. The force acting on the surface is given by Àg. Since the force density gðX l ; tÞ is distributed on the body surface according to eq. (15), the force must be redistributed on the fluid grid points by the linear rule
where D ij is
h ðaÞ ¼
in 2-dimensions and h is the grid spacing. When the external force is applied to the fluid, its effect is to appear as change of the velocity of the fluid as
which appears in the velocity field in f eq . In order to examine the accuracy of LBM for fluid motion and IBM for boundary condition, we applied the methods to 2-dimensional flow around a fixed circular cylinder, computed the drag and lift force acting on it, and compared with the results obtained by the finite difference method (FDM).
14) The Reynolds number Re ¼ UD=# is 20 and 40, where # is the kinematic viscosity of the fluid, D ¼ 20 is the diameter of the cylinder, and U ¼ 0:1. The drag force F x and lift force F y acting on the cylinder are nondimensionalized and expressed as the drag and lift coefficients:
: Table 1 shows comparison of C D computed by the present method with that of the FDM. The values of C D by the present method tend to be larger around 5% than those of the FDM. One reason for the difference is due to the use of the smoothed kernel function D ij which effectively results in a hydrodynamic radius slightly larger than the actual radius of the cylinder. It is interesting to note Áx LB =D % 0:05, meaning an increase of 5% in the Reynolds number and a slightly smaller value of C D , closer to the experimental value. We would expect that when tends to zero the difference vanishes. As for C L it is well known that no lift force acts on the cylinder at these Reynolds numbers, because the flow past cylinder is symmetric about the horizontal line through the cylinder center.
Next we consider two cases at Reynolds number 100; one is a cylinder fixed in a steady uniform flow U (Case A) and the other is a moving cylinder with the constant velocity ÀU in a quiescent flow (Case B). Both cases are physically identical to each other through the Galilean transformation, but the latter is computationally more difficult and is suitable to assess the validity of LBM and IBM. It was found that C D was about 1.86 for both cases, which is consistent with the experimental value. The C L oscillates in time at this Reynolds number, reflecting the alternative vortex shedding from the cylinder surface (Kármán's vortex shedding). The nondimensionalized frequency of the oscillation St ¼ fD=U (Strouhal number), where f is the oscillation frequency, was found to be about 0.2, again in agreement with the experimental value 0.21. These observations encourage us to use LBM and IBM to study the interaction between solid and fluid from microscopic view point. motion of the solid computed by the CGP method are independent of each other, they are numerically integrated in their own length and time scales. However, when they interact each other through exchange of momenta at the interface, a physically relevant treatment of the momentum exchange with a mediation of the large gap in space and time scales between the two phases is indispensable. In order to argue those length and time scales, here we consider those quantities in the dimensional form which are expressed with (~). Consider first the fluid motion. In the LBM, the characteristic length and velocity are usually taken to be grid distance Áx
In order eq. (20) to be meaningful, either Át t LB or Áx x LB must be related to the actual length or time under the consideration. This is achieved by matching Áx x LB to the grid distance between two adjacent CGPs at the solid surface. Now consider the solid body. The length and time scale of the CG particles are estimated from those of the atoms. Remember Áx x CG ¼ ÃÁx x MD , where Ã is the coarse graining factor in one spatial direction. Then characteristic frequency of the CGP can be estimated as! ! CG % ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi kKk=kMk p where k Á k denotes the norm. Since kMk / Ã d and kKk / Ã dÀ2 , where d is the space dimension, so that! ! CG / Ã À1 . Therefore the time increment used in the CGP dynamics can easily be estimated as
where Át t MD is the time increment used in the MD. The time scale ratio between the atoms and the CGPs is independent of the spatial dimension d and scales as Ã in the same way as the length. This is a very important result in the numerical matching between the two dynamics. Now we require the following conditions
for the numerical computation, where A L and A T are the scaling factors of the space and time increment, respectively. The larger A L is, the smoother the solid boundary is. In other words, the coarse graining factor Ã in the CGP must be chosen so as for Áx x CG to be comparable to Áx x LB . We have chosen a value within the range of 0:8 A L 1. By eq. (22), the length scale Áx x LB in the LBM is fixed by that of the CG grid distance. The ratio A T is given by
where we used Áx 
Since A L ¼ Oð1Þ, the time scale ratio is about a hundred and that the CGP dynamics part must be integrated about A T times per one LBM cycle. In the fluid domain, the characteristic force in the LBM unit is
where & 0 is the fluid density, n 0 the number density of fluid molecule and m LB the mass of fluid molecule. Then the ratio of F LB to the Hartree force unit F CG is given by
Typical values for the air are m LB ¼ 4:851 Â 10
The CGP velocity in the atomic unit is transformed to the one in the LB unit by
and B V % 3:85 Â 10 3 for the air. Figure 6 shows the flow chart of the numerical computation. The CGP process must be iterated A T times for one LBM cycle. The boundary condition is given by eq. (12) evaluated at the kth CGP position X k on the solid surface as
Coupling
where s is a time within t < s < t þ Át LB and V k is the kth CGP velocity in the atomic unit. However, since the CGP dynamics is advanced A T times per one LBM cycle, it is also necessary to introduce a process of coarse graining of the CGP dynamics in the time domain. A straightforward way is to assume that the kth CGP on the surface has the averaged position and velocity 
and thus the force acting on the kth CG particle on the surface per one CG cycle is computed as
On the other hand, the reaction to the fluid is given by g LB ¼ Àg CG ðX k ðsÞ; s þ Át CG Þ, so that the corresponding change in the distribution function at the fluid grid point r ij per one CG cycle becomes
The change in the distribution function per one LBM cycle is given by integrating the above change over the time duration of Át LB as
which is added to f ðr ij ; t þ Át LB Þ as the interaction effects after the usual LBM process. The momentum exchange between the fluid and the CGP is done as if the fluid responded to each step of the CGP dynamics. And then the force acting on the fluid is accumulated over the time duration of one LBM cycle. In other words, the dynamics of the fast variables is exactly solved and statistically projected on the slow variables through the time integration of the fast variables. It follows that the above procedure conserves the momentum at the boundary at each time step of the CGP dynamics.
Numerical Simulation of Fluid-Solid Interaction

An elastic rod in 2-dimensional Poiseuille flow
We consider first numerical simulation of an elastic rod in the Poiseuille flow in 2-dimensions. An incompressible viscous fluid flows between two parallel flat plates and the elastic rod composed of the CGPs is fixed on the bottom plate (see Fig. 7 ). The origin is at the left corner of the bottom plate and x-axis is taken along the bottom plate and y-axis in the direction perpendicular to the plates. When uniform pressure gradient in the positive x-direction is applied to the fluid, the resulting velocity field in the absence of the rod is parallel to the plates and the horizontal velocity is a quadratic function of y with the maximum speed on the center line (Poiseuille flow). 15) The number of fluid grid points are L ¼ 600 and H ¼ 200 in x and y directions, respectively. The boundary condition of the fluid velocity is v ¼ ðv x ; v y Þ ¼ 0 on the plates, ð4V m yð1 À yÞ; 0Þ at the inlet, and @v i =@x ¼ 0 for i ¼ x; y at the right boundary. On the rod surface v fluid ¼ U rod is required. The maximum velocity V m is given by V m ¼ 0:1 or determined from the Reynolds number which is described below. The rod is fixed at 100 units downstream from the origin, and is composed of 
] which is unrealistically large. Instead, if we choose V m much smaller value, then the degree of the coarse graining must be increased unrealistically. The above choice of the Reynolds number is very hard for the numerical computation, but here our purpose is to examine whether our computational scheme works even in such tough condition. For more realistic range of parameters, we describes it later on.
The time variation of the x component of the displacement of the CGP at the top left corner of the rod is shown for R ¼ 25 and R ¼ 250 in Fig. 8 , in which the displacement x is in the grid unit and the time is normalized in terms of the wash out time L=V m as t ¼ ðV m =LÞN t LB Át LB , where N t LB is the number of time steps in the LBM. For R ¼ 25, the variation decays in time, but the oscillation period is almost constant and about 0.45 (81 [ns]) which is very close to the period of 0.50 (90 [ns]) for the eigen mode of the rod alone as we have seen in Sec. 2. This means that in the initial phase the rod undergoes the impact from the fluid motion and oscillates nearly with its eigen frequency and the motion decays at latter time due to the fluid drag, so that the flow becomes steady and thus the interaction is static at large time. On the other hand, when R ¼ 250, the motion of the rod does not decay in time and oscillates chaotically although the eigen mode remains predominant. The interaction between the fluid and solid is strong and unpredictable. Figure 9 shows the velocity vector and vorticity distribution for R ¼ 250 at the nondimensional time t ¼ 0:83; 1:00; 1:25, respectively. At t ¼ 1:00 a strong negative vorticity is generated near the top left corner of the rod which is bent due to the fluid motion, and at t ¼ 1:08 the eddy is about to be shed into the fluid while the bending of the rod becomes almost maximum. When the eddy is separated and convected downstream, the rod returns to be straight, and similar motion continues. Correspondingly, when the bending of the rod becomes maximum the stretch (compression) of the lower left (right) corner of the rod in y direction becomes maximum (figures not shown).
6.2 Flow induced by a collective motion of an array of elastic rods We now consider more realistic problem of fluid transfer by a kind of MEMS (NEMS) (Micro(Nano)-ElectroMechanical System) device. It has been known that an elastic surface wave (Rayleigh wave) can convey a body in a direction opposite to the traveling wave. It is very interesting and useful for the future development of micro(or nano) scale fluid devices to examine whether the fluid can be transferred by using similar technique. Consider an array of elastic rods which are fixed on the horizontal plate above which an incompressible fluid fills the space. We assume that the Rayleigh wave is traveling on the surface in the positive x direction and the array of the elastic rods undergoes a collective motion in response to the Rayleigh wave (see Fig. 10 ). With this set up we consider how the fluid motion is induced and how much amount of the fluid is transferred. The number of the fluid grids is 500 (Case A) or 1000 (Case B) in the horizontal direction and 100 in the vertical direction, respectively, and the boundary conditions for the fluid is the periodic condition at x ¼ 0 and L, while v ¼ U rods on the rods, and the slip condition (the tangential viscous stress is zero) is applied at y ¼ H in order to mimic the free surface of the fluid. Each rod is the same as that used in the previous section, and 10 rods are placed with separation distance W ¼ 50Áx LB for Case A and W ¼ 100Áx LB for Case B. In order to examine the effect of the microscopic elastic matrix of the rod on the fluid-solid interaction, we have changed C of eq. (1) by multiplying a factor ¼ 1:0; 0:5; 0:2 for which computation is referred to as Run I, Run II, and Run III. This change leads to the variation of the macro scopic stiffness of the rod and the characteristic magnitude is, for example, C We assume that instead of solving the equation of the Rayleigh wave the motion of the horizontal plate due to the Rayleigh wave propagation is kinematically described as
for the position vector ð$ x ; $ y Þ of the surface element of the horizontal plate, where k and ! are the wavenumber and the angular frequency of the Rayleigh wave. The amplitudes a and b are linearly dependent each other and fixed by the Poisson ratio of the bottom plate, but here we take the ratio a=b to be an arbitrary parameter. Figure 11 shows the velocity and vorticity distributions at the nondimensional timet tff ¼ 32:3 for the Runs I and III with W ¼ 50Áx LB (Case A), whereT T ¼ 1=ff is the time for the Rayleigh wave to travel the fundamental domain L. The vorticity concentrates near the tops of the rods. It is also found that the spatial coherency of the vorticity distribution for Run III prevails over the region wider than that for Run I. Figure 12 compares the evolution of the time accumulated total volume flux (in the LBM unit) defined by QðxÞ ¼ R t 0 R H 0 v x ðx; y; sÞdyds at x ¼ 0 for the Cases A and B. The curve for ''Rigid'' is the results of the rigid rod in which the grid spacing of the CGP is fixed. The average horizontal velocity in the dimensional form is given bỹ " V V " V V c cQ=ðHtÞ and found to be about 9 [mmÁs À1 ] for Run III of Case A and about 7 [mmÁs À1 ] for Run III of Case B, respectively. It follows that general trend is (1) the fluid is transferred in the opposite direction to the Rayleigh wave, (2) the fluid transfer is enhanced by softer (smaller stiffness) and thicker rods, which resembles the flagellum.
Instead of using the elastic rod array, we have also studied the case of a continuous layer of the CGPs over the horizontal plate and the Rayleigh wave travels within the layer. The thicker the layer of the CGPs becomes, the more the fluid is transferred in the opposite direction to the Rayleigh wave, although the time accumulated total volume flux Q is smaller than in the case of the rod array. The average horizontal velocity is about 3 [mmÁs À1 ] for the case of layer of 10 CGPs. Therefore it is suggested that in order to transfer the fluid by using the Rayleigh wave a flagella like structure is more effective.
Summary and Conclusions
We have studied the interaction between the fluid and the elastic body from the mesoscopic view point for the fluid and the microscopic view point for the solid. The CGP system was constructed from the atoms by using the RCGP method under the assumption of the local thermal equilibrium and the phonon approximation, and the system was integrated in the same way as in the MD but with different time step width. As for the fluid motion the LBM method was used. In the LBM, the distribution function of the ensemble of fluid particles is introduced and evolved according to the shift and collision processes, thus the approach is mesoscopic. Any specific character of the fluid molecules and of the length and time scales do not enter the LBM dynamics, and the fluid motion emerges as collective motion in the long wavelength limit.
Both dynamics are coupled through the momentum exchange on the surface of the solid body, where the length and time scales in the LBM are fixed. The important point is that the coarse graining process should be made not only in constructing the CGP system but also in this momentum exchange process where two physical processes with widely different spatial and time scales meet at the small spatial domain. The coarse grained quantities obtained by the statistical averaging of the fast variables should appear only in the dynamics of the slow variables. Multiscale Numerical Simulation of Fluid-Solid Interaction 2557
Our method was applied to the cases of single or multiple elastic rods which are composed of the CGPs in the two dimensional Poiseuille flow. It was found that the method was successful and useful to describe the interaction between fluid and solid with scale disparity. The results presented in this study are, however, qualitative rather than quantitative because our computation was limited to 2-dimensions and some parameters were not those of the actual system. Further quantitative verification is necessary for the future development, which includes quantitative comparison of the oscillation period, of the solid body, drag and lift acting on it, and so on, and 3-dimensional computation is very important. These are challenges to the computation for the multiscale physics, and the work is in progress and will be reported somewhere. 
